Marine natural product is recognized as a fruitful source of drug development due to their rare structural entities and diverse biological activities, and consequently, publicized number of metabolites as new medicines. Although extensive progress has been made in identifying novel bioactive molecules from marine source, great endeavor are still needed to explore these molecules for medicinal applications. Marine fungi are one of the important source of natural products, exhibiting a wide range of biological activities. (+)-Varitriol, isolated from the marine fungus Emericella variecolor, has shown 100-fold increased potency over the mean toxicity towards variety of cancer cell lines. Hence (+)-varitriol, an antitumour marine natural product has been a fascinating target for total synthesis over the last decade. The intense search for developing new approaches coupled with its biological activity has resulted in a wealth of methods towards the synthesis of this molecule. But, unfortunately only limited analogues have been synthesized and evaluated for their biological activities. Thus, there are still demands to modify aromatic part as well as sugar moiety of varitriol, which could provide the opportunity for further SAR studies to discover potential lead anticancer agents. This review describes the different strategies developed for the synthesis of varitriol and its analogues in various laboratories around the world covering literature from 2002 till date. The construction of challenging fashionable furanoside ring as well as substituted styrene derivatives are crucial steps in most of the reported synthetic endeavors.
INTRODUCTION:
Ocean is considered to be an important source of potential drugs, wherein aquatic organisms produces structurally unique chemicals for their different ecological purposes i.e. either to protect themselves from predators/ pathogens or to communicate in marine ecosystem. Hence, natural products give good chances for the discovery of effective medication for different diseases either, by direct therapeutic effect, after semi-synthetic modification or by synthesizing new compounds based on the natural product lead. A large number of anticancer agents derived from marine natural products and their synthetic analogues are in market as well as in clinical trials [1] . Interestingly, micro-organisms associated with marine environment are proved to be valuable source for drug discovery [2] . Marine microorganisms, particularly fungi and bacteria, have provided new incentives for marine natural products research over the last 15 years, and also continue to be the subject of vigorous chemical investigation [3] [4] [5] . The first therapeutic agents from the marine environment were made in the 1950's by Bergmann and Feeney through their discovery of the nucleosides spongouridine 1 and spongothymidine 2 from the sponge Tethya crypta (Figure 1 ) [6] . Subsequent development of synthetic analogues has provided the clinically relevant agents arabinosyl adenine (Ara-A, 3), and arabinosyl cytosine (Ara-C, 4), an anticancer agents for the treatment of acute myelocytic leukemia and non-Hodgkin's lymphoma [7] . Arabinosyl cytosine (Ara-C, 4) is currently sold by the Pharmacia and Upjohn Company under the brand name Cytosar-UR. Thus, nucleoside chemistry is continued to be an attractive research area for medicinal as well as synthetic chemists for developing new drugs [8] [9] . It has been witnessed for several years that, the relation between marine natural product and nucleoside had given rise to exciting skeleton showing potentials as drug candidates.
Figure 2. Chemical structures of selected metabolite from Emericella variecolor
In the recent decades, the scarcity of compounds from natural sources as well as their impressive bioactivity has fuel the chemists to develop more practical and scalable total synthesis of these natural products. The furanoside skeletons present in nucleosides are also encountered in many other bioactive compounds which has widely distributed in nature. Varitriol (+)-5 is such a marine natural product isolated by Barrero and co-workers from a marine strain (M75-2) of the fungus Emericella variecolor along with other metabolites varioxirane 6 and dihydroterrein 7 in the year 2002. The fungus was isolated from a sponge collected in Venezuelan waters of the Caribbean Sea and showed potent cytotoxicity towards variety of cancer cell lines [10] . The structure assignment of (+)-5 has been done using 1D and 2D NMR experiments. The number and localization of the OH groups was confirmed by preparing its triacetate. While, the relative configuration of the four stereogenic centers of the tetrahydrofuran ring unit was determined by carrying out NOE experiments for varitriol and its triacetate & acetonide protected products.
BIOLOGICAL ACTIVITIES
Varitriol shows more than 100-fold increased potency (over the mean toxicity) toward RXF 393 (renal cancer), T-47D (breast cancer) and SNB-75 (CNS cancer) cell lines and lower potency against prostate cancer, leukemia, ovarian cancer, and colon cancer cell lines [11] . This is a remarkable activity for such a small molecule, although the mode of action remains to be elucidated. The unique biological activity of varitriol (+)-5 with still undefined mode of action has produced diverse interest in this natural products, which deserve more comprehensive studies pertaining to anticancer drug development of this molecule. A detail account on biological studies (Structural activity relationships) is included in the last section of this review.
SYNTHETIC CHALLENGES:
Since 2006, about 15 total syntheses of varitriol have been reported in the literature, indicative of the intense interest of synthetic chemists. Biologically active varitriol, isolated from marine fungi comprises of four stereogenic centers. The publicity of varitriol as a synthetic target was arouse, not only for its medicinal value, but also for challenge posed by its structure featuring highly functionalized tetrasubstituted furanoside skeleton. Most of the synthetic approaches utilize the commercially available sugar or tartaric acid for the construction of furanoside moiety. Probably, it is the easiest way to access fully functionalized skeleton is the construction of central furan ring using chiral starting materials. A final step involves the marriage between furanoside part and aromatic moiety to furnish varitriol.
Focusing our research interest in isolations and synthesis of marine natural products [12] [13] [14] [15] , we have combined the scattered body of all the references relating to the total synthesis of varitriol covering literature from 2002 (since its isolation) until 2013.
Early Synthetic efforts:
Before surveying the most recent studies towards varitriol, it is worthwhile to consider some of the earlier reports. In 2006, Jennings and Clemens reported an efficient approach towards the synthesis of varitriol (-)-5 (an antipode of natural product) which is leading as first total synthesis for the determination of absolute configuration of varitriol (Scheme 1) [16] . The synthesis commenced with the preparation of styrene derivative wherein the Suzuki-Mayura coupling of aryl triflate 8 with potassium vinyl trifluoroborate gave substituted styrene 9 in 93% yield. Treatment of sodium anion of benzyl alcohol with 2,2-dimethyl-1,3-benzodioxan-4-one derivative 9 gave corresponding phenol which on etherfication with methyl iodide afforded methyl benzyl ester 10. The reduction of ester 10 with DIBAL followed by protection with TBSCl provided substituted styrene derivative 11 which has been utilized in the final stage (olefin metathesis step) of varitriol synthesis. The second part of synthesis involves construction of functionalized furanoside subunit. Towards this, the benzoyl protected acetate 12 obtained from D-ribose was subjected to cyanation via anchimer assisted nucleophilic addition of TMSCN (in situ generated oxocarbenium cation) for the introduction of cyanide group on the furanose ring with required stereochemistry. This protocol was previously developed by Utimoto et al. [17] to give corresponding cyano derivative. Selective debenzylation of secondary benzoate ester 13 using NH 3 / MeOH followed by reprotection of 2,3-diol by 2,2-dimethoxypropane gave acetonide protected furanoside 14. Reduction of nitrile group to aldehyde followed by treatment with N,N'-diphenyl Another, total synthesis of varitriol (-)-5 has been described by Taylor and co-workers using HornerWadsworth-Emmon olefination/ conjugate addition/ Ramberg-Backlund reaction as key steps (Scheme 2) [18] . The first part involves the preparation of the functionalized benzylsulfonyl reagent 20 to construct the double bond of varitriol. The known benzoate 18 [19] was first subjected to bromination and then the ester group was reduced to give substituted benzyl bromide 19. Authors have utilized the previously reported protocol for the construction of aromatic stilbene portion using phenolic acid. Towards this, 2,6-dihydroxybenzoic acid 26 was converted to isopropylidene derivative and subsequently treated with triflic anhydride to furnish triflate 8 [24] . The vinyl group was introduced by employing Stille coupling. The reaction of tributylvinyl tin (TBVT) with triflate in the presence of tetrakis (triphenylphosphine) palladium (0) and lithium chloride at 80 o C in sealed tube gave stilbene derivative 9. This on LiAlH 4 reduction followed by methylation of phenol hydroxyl and protection of benzylic hydroxyl group by silyl provided the requisite aromatic alkene 11.
An iodocyclization approach for the synthesis of highly functionalized tetrasubstituted tetrahydrofurans was previously reported by Shaw and co-workers [25] . Authors demonstrated the utility of their previous approach to prepare functionalized tetrahydrofuran derivative and hence for varitriol synthesis.
The commercially available α-D-mannopyranoside 28 was subjected to 5,7-dihydroxy protection employing benzaldehyde dimethyl acetal to give corresponding acetal. Furthermore, the benzyl protection of remaining two hydroxyl groups gave dibenzyl protected acetal. After the selective deprotection of benzacetal, iodine was introduced at 7 position using molecular iodine to give iododerivative 29. The opening of pyranoside ring using zinc dust followed by sodium borohydride reduction afforded allyl alcohol 30. On further cyclization of allyl alcohol using molecular iodine Hence, in the next attempt, acetonide protecting group was replaced by p-methoxybenzyl (PMB) moiety.
Accordingly, acetonide deprotection under acidic condition followed by PMB protection afforded 37.
The silyl deprotection provided primary alcohol and subsequently IBX oxidation followed by Wittig BnO OPNB Nucleophilic displacement of iodine using potassium thiolate gave phenyltetrazole sulfide moiety which on oxidation provided sulfone fragment 55 for Kocienski-Julia olefination. Next, the coupling of aromatic aldehyde 42 with mixture of sulfones 55 was attempted under different reaction conditions for good E-selectivity of olefin. The Barbier protocol [30] utilizing KHMDS (1.4 equv) in dimethoxyethane exclusively gave E-isomer. Finally, the removal of acetyl and benzoyl protecting groups using NaOMe give alkene. The acetonide protection on aromatic ring was removed using LiOH/MeOH to give aromatic ring with hydroxyl and methyl ester moiety. Finally, O-methylation followed by reduction of ester functionality and then TBS deprotection gave varitriol (+)-5. Furthermore, the synthesis of (-)-varitriol and 4'-epi-(-)-varitriol were also reported using similar reaction as used earlier for the synthesis of varitriol (+)-5. Recently, the same research group has reported the structure activity relationship studies of varitriol analogues prepared using the above strategy which is discussed in details at the last section of this article. Njardarson and co-workers has described the strength of the method developed in their laboratory involving copper-catalysed vinyl oxirane ring expansion reaction for the synthesis of common cis-2,5-tetrahydrofuran core and subsequently the construction of the varitriol skeleton (Scheme 6 & 7) [33] .
The synthesis commenced with benzyl protection of dienyl alcohol 66 which on epoxidation furnished two epoxy compounds 67a-b. The vinyl oxiranes was subjected to the copper-catalyzed rearrangement Since the key intermediate for cross metathesis reaction formed from D-ribose gave product only in 27.5% yield, an alternative approach has been developed for the synthesis of furanoside moiety starting from ethyl (S)-lactate. The protected lactaldehyde 89 was subjected to olefination reaction using StillGennari procedure [38] [39] to afford corresponding α,β-unsaturated ester with Z-selectivity which upon DIBAL reduction gave allylic alcohol 90. The Swern oxidation of alcohol to aldehyde followed by Wittig reaction with stabilized phosphorane (trans selectivity) and then DIBAL reduction furnished alcohol 91. The Sharpless epoxidation of allyl alcohol and silyl deprotection using TBAF generated dihydrofuran as major product 93a along with its isomer 93b in minor amount (75:25). The small amount of uncyclic product was also converted to corresponding dihydrofurans by treating with CSA.
The diol 93a was protected with TBS and subjected to dihydroxylation with OsO 4 in the presence of [44] [45] gave sulfide 108 which was used in the next step prior to purification. The alternative two step approach for sulfide was also developed via mesylation of primary hydroxyl of ribonolactone followed by displacement using potassium thiolate. The introduction of exo methyl group was crucial step of this synthetic protocol. A three step sequence for stereoselective incorporation of the exo methyl group at C-1 was achieved via reduction of lactone to lactol using The synthesis started with tetrahydro furan derivative which had been previously reported by Yadav and coworkers [47] was subjected to fluorination using DAST. The method developed [48] for Cglycosides using BF 3 ·Et 2 O and organotrifluoro borate has been extended initially for coupling of glycosyl fluoride and alkenyl trifluoroborate 112 containing aromatic ring without any success of getting desired product 113. Furthermore, this problem of coupling reaction was overcome by replacing alkenyl trifluoroborate with ethynyl trifluoroborate. The coupling of glycosyl fluoride with ethynyl trifluoroborate gave ethynyl substituted furan moiety 114, which was subsequently subjected to Sonogashira cross coupling reaction with aromatic triflate 115 leading to the formation of internal alkyne 116. The reduction of ester group followed by selective protection of generated phenol group with iodomethane gave alkyne 117. Next, the double bond was generated by chemoselective reduction of triple bond using Red-Al to give alkene 118 (E/Z = 2.8:1) in 89% yield. During acetonide deprotection using 1N HCl followed by flash chromatography on silica gel, all the Z-isomer was exclusively transformed to the E-isomer to furnish varitriol (+)-5 in 8 steps and 41% yield.
Recently, tandem strategies employing Wittig olefination in combination with many other reactions has been widely utilized in organic syntheses, particularly natural product syntheses which have been well reviewed by Parvatkar et al. [49] . Shaw and coworkers has disclosed an efficient route for their second Norbert and coworkers designed the synthesis of (+)-varitriol via reagent-controlled introduction of all stereogenic centers using combined coinage metal catalyst approach [52] . Horner-Wadsworth-Emmons (HWE) olefination of the aromatic phosphonate with chiral furanoside aldehyde is the key step for varitriol synthesis (Scheme 17). The aromatic phosphonate required for HWE olefination in the later part of synthesis has been prepared using the Kamikawa's procedure [53] . Acordingly, ethyl-6-chloromethyl-2-methoxy benzoate 131 was subjected to reduction and the resultant alcohol was The aromatic moiety present in varitriol skeleton was prepared using regioselective oxidation of C-2 methyl group of 2,3-dimethyl anisole 143 using K 2 S 2 O 8 [58] . The subsequent oxidation of aldehyde to acid using CuBr/tBuOOH followed by esterification gave compound 145. The benzylic bromination using NBS and reaction with 2-mercaptobenzothiazole/ KHMDS, DME, -30 o C to rt, 10 h, 2) NaOMe, MeOH, rt, 4 h, then HCl, THF, rt, 5 h, 78% overall yield (E/Z-mixture in the ratio 5:4).
Further, sulfone 110 was subjected to Julia olefination reaction with excess amount of substituted aldehyde (5 equv.) to give mixture of E/Z olefins which was separated by preparative MPLC. Finally, acetonide deprotection gave series of compounds 159a-k which were screened for their in vitro cytotoxicity towards certain human tumors and cancer cell line panel (Table 1) (Table 1) . 
OUTLOOK AND FUTURE PRESPECTIVES
Marine-derived biologically active natural products continue to be a source of potentially therapeutic compounds as well as motivation to develop new synthetic strategies for their constructions. The considerable number of synthetic approaches to varitriol has been recently reported in the literature which has been reviewed in this article. The challenge pose by its structure featuring novel skeleton, the aromatic moiety and the furanoside moiety with four consecutive stereogenic centers, make it an attractive target for synthetic chemists. However, there appear to be few synthetic routes amenable to large scale preparation. It is clear that the synthesis of varitriol and its derivatives will still attract the attention of synthetic chemists as well as biologists for the years to come due to its unique structural features and potent bioactivities. Although substantial progress has been made in identifying novel drugs from marine source, there is great scope to explore these molecules for medicinal applications. Many synthetic routes towards varitriol are disclosed but, unfortunately only limited varitriol analogues have been exploited in SAR studies. In fact, there is great demand to develop new and general methods for the synthesis of varitriol analogues in combination with its biological data in order to find structural activity relations, which could provide the opportunity to discover the potential lead anticancer agents.
Moreover, from an ecological standpoint the synthesis of metabolites are highly desirable since it reduces our dependence on the scarce natural product resources. Hence, the problem associated with the supply issues from natural sources leading the breakpoint in the development of many promising metabolites of marine origin could be overcome by synthetic chemistry.
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